We identified a highly-polarized, steep-spectrum radio source in a deep image with the Australian Square Kilometre Array Pathfinder (ASKAP) telescope at 888 MHz. After considering and rejecting a stellar origin for this source, we discovered a new millisecond pulsar (MSP) using observations from the Parkes radio telescope. This pulsar has period 2.77 ms and dispersion measure 228.27 pc cm −3 . Although this pulsar does not yet appear to be particularly remarkable, the short spin period, wide profile and high dispersion measure do make it relatively hard to discover through traditional blind periodicity searches. Over the course of several weeks we see changes in the barycentric period of this pulsar that are consistent with orbital motion in a binary system, but the properties of any binary need to be confirmed by further observations. While even a deep ASKAP survey may not identify large numbers of new MSPs compared to the existing population, it would be competitive with existing all-sky surveys and could discover interesting new MSPs at high Galactic latitude without the need for computationally-expensive all-sky periodicity searches.
INTRODUCTION
While traditional pulsar searches employ time-domain techniques to identify periodic signals (e.g., Lorimer & Kramer 2012) , these techniques are limited: eclipses, scattering, or orbital motion can all negatively impact time-domain searches even when the underlying radio emission remains constant. Separately, even when pulsed emission is detectable, non-traditional searches can help explore large regions of parameter space efficiently, and imaging searches in general can focus resources on the sources of greatest interest. Identifying steep-spectrum radio sources has long been used to identify new pulsars, and in fact has been able to help identify new classes of pulsars before they were found in more traditional ways (Rickard & Cronyn 1979; Erickson 1980; Navarro et al. 1995; Strom 1987; Frail et al. 2016, and references therein) . This technique has found new life recently with both targeted observations (e.g., Hyman et al. 2019 ) and more importantly large-scale radio surveys (as in Frail et al. 2018) , in some cases guided by other "pulsar-like" objects of interest identified through multi-wavelength surveys.
Beyond steep-spectrum catalogs, new techniques are also under consideration. For instance, Dai et al. (2016) discuss identifying pulsar-like sources through their interstellar scintillation properties. Here we discuss another way to identify pulsars from large-scale radio surveys: by searching for the circularly polarized emission that is almost unique to pulsars (as mentioned in Frail et al. 2018 and others) , although even among pulsars it is not universal (Han et al. 1998; Gould & Lyne 1998) . A small number of pulsars have been detected through a combination of spectral properties and linear polarization (Navarro et al. 1995; Strom 1987) , but there have not been large-scale surveys including circular polarization until recently (Lenc et al. 2018 ). Very few radio sources have more than a few percent circular polarization at frequencies < 5 GHz. Many types of stars show some radio emission (Güdel 2002) , although for most of them it is weak, incoherent emission. Low-mass flare stars typically show bursty emission that is often highly polarized (e.g., Villadsen & Hallinan 2019; Zic et al. 2019) . Likewise, chromospherically-active binaries like RS CVns show polarized flares (e.g., Mutel et al. 1987) . While some steady emission has been seen from these sources (Güdel 1994) , the majority of polarized sources seen in large-scale surveys are pulsars (e.g., Lenc et al. 2018 ).
Here we report the serendipitous discovery of a highlypolarized steep spectrum point source in a deep pointing with the Australian Square Kilometre Array Pathfinder telescope (ASKAP; Hotan et al. 2014; McConnell et al. 2016 ) at 888 MHz. After considering and rejecting a flare-star origin we discovered a new pulsar in a dedicated pointing with the Parkes radio telescope. We discuss the nature of this pulsar and prospects for identifying future sources through polarization imaging surveys.
ASKAP OBSERVATIONS AND SOURCE DISCOVERY
As part of a campaign to study the nearby flare star Proxima Centauri (Zic et al., in prep.) , we observed a field centered at (J2000) α = 14 h 29 m 32. s 32, δ = −62
• 40 31. 3 with ASKAP on each night from 2019 May 1 through 2019 May 4, as detailed in Table 1 . The observations used an integration time of 10 s with baselines ranging from 22.4 m to 6.4 km. We reduced the data following the procedure in Zic et al. (2019) , using the Common Astronomy Software Applications package (casa, McMullin et al. 2007 ) to make images in circular polarisation (Stokes V) as well as total intensity (Stokes I). The primary calibrator PKS B1934−638 was observed for each observing epoch to calibrate the flux scale and the instrumental bandpass. The resulting images have synthesized beam widths of 12 − 14 , and were created with a robustness of 0. The images from the first observation are shown in Figure 1 . The rms noise in the images is around 47 µJy/beam (Stokes V) and 57 µJy/beam (Stokes I).
The total intensity image is quite complex, with over 3000 point sources visible along with significant diffuse emission and several supernova remnants (the brightest of which is RCW 86). However, the circular polarization image has fewer than 10 sources visible. To quantify this, we identified all of the significant sources in the Stokes V images using aegean (Hancock et al. 2018) , and matched them against sources in the Stokes I images. We show the results in Figure 2 . With the exception of two sources, all of the Stokes V detections are bright sources (flux densities > 10 5 µJy) with Stokes V detectable because of a modest level of leakage, typically 0.1%. The two exceptions are marked separately. One is Proxima Cen, which was known to be polarized. The other was a previously unknown radio source which we designate ASKAP 143121.2−632809. This source has Stokes I flux density 1666±40 µJy and Stokes V flux density 304 ± 34 µJy, and does not appear to vary between the images. The large polarized fraction of V /I = 18 ± 2% is notable, and led us to investigate this source further.
To determine the spectral properties of this source we combined the four observations into a single UV data set and then imaged it in four sub-bands spread across the 288 MHz bandpass. With this we measure a spectral index α = −1.5±0.2 across the 780-995 MHz region (with flux density S ν ∝ ν α ). Such a steep spectrum is consistent with the median spectral index of pulsars (e.g., Bates et al. 2013 ) and steeper than 90% of radio sources (Intema et al. 2017 ). However, note that the spectral index within the ASKAP observation was only apparent after combining multiple observations and would be difficult to use on its own for source selection, while the high degree of polarization was much more apparent. Comparing to other surveys would be better for steep spectrum selection, but there are few appropriate radio surveys below δ ≈ −40
• . The initial image astrometry showed some small (< 1 ) discrepancies between the positions of radio sources and their cataloged values that were nonetheless larger than the statistical uncertainties. We therefore shifted the positions to better match two sources from the The Australia Telescope 20 GHz (AT20G; Murphy et al. 2010) Note-Numbers in parentheses are the 1σ errors in the last digit quoted. a Barycentric MJD and spin-period. offset in the primary beam and this affected sensitivity. The source was not detected in Stokes I, adjusting for the primary beam attenuation we obtain a 3σ upper limit of 51 µJy beam −1 . Combining this with the ASKAP measurements suggests a slightly steeper spectral index of < −1.9, compared to the ASKAP-only value of −1.5 ± 0.2. This confirms that either the source is steep-spectrum, or that it varies; although variability seems to be inconsistent with the multiple ASKAP detections.
As mentioned above, two classes of stars that show coherent, highly polarized emission are magnetic low-mass flare stars and RS CVn binaries. To search for any possible stellar counterpart to ASKAP 143121.2−632809, we searched the available archives and found deep nearinfrared images from the VISTA Variables in the Via Lactea (VVV; Minniti et al. 2010 ) survey as the best available data. We see no sources detected within that 3σ error circle down to 5σ limiting magnitudes J > 20.4 mag, H > 19.9 mag, and K s > 19.0 mag.
Based on these limits, we can constrain any possible low-mass star/substellar object. Based on the observed population of ultra-cool dwarfs (Reid et al. 2008) we determine a lower limit on the distance of any counterpart of 250-1000 pc (for late L to mid-M spectral types). From these we computed upper limits on the radio flux density, assuming L radio /L bol = 10 −7 , which is appropriate for M dwarfs (Berger et al. 2010 ). This gives limits of < 0.5 µJy, compared with our detection of 1.66 mJy. Even for later L dwarfs the ratio might increase to 10 −5 , which would imply a radio flux density of 50 µJy that is still a factor of 30 below our detection.
Similarly, we can limit any RS CVn binary. Mutel et al. (1987) measured flux densities of ≈ 30 mJy for UX Ari at 1 GHz, which has J = 4.5 mag (Ducati 2002) . Scaling that to our measured flux density would imply J ≈ 8 mag, which is incompatible with our VVV upper limit. Even more so than with ultra-cool dwarfs, we can easily rule out any chromospherically active binary like RS CVns.
Since this source seemed to not be stellar, we observed the position of ASKAP 143121.2−632809 on 2019 May 19 at Parkes using the recently-commissioned Ultra-Wideband Low receiver (UWL; Hobbs et al. 2019) on the 64-m Parkes radio telescope, which provides radio frequency coverage from 704 MHz to 4032 MHz. The observation was performed using the transient search mode and the DFB4 backend, where data is recorded with 2-bit sampling every 64 µs in each of the 0.5 MHz channels covering 1241-1497 MHz. A periodic search was carried out with the pulsar searching software package PRESTO (Ransom 2001) . The dispersion measure (DM) range that we searched was 0 − 500 pc cm −3 . We identified a very strong pulsar candidate with a period of 2.77 ms and a dispersion measure DM = 228.1 pc cm −3 (see Figure 3 ). This candidate was not in any list of known pulsars (Manchester et al. 2016) or candidates, although it has since been detected in reprocessed data from the High Time Resolution-South (HTRU-South) low-latitude survey 1 (Ng et al. 2015, A. Cameron, pers. comm.) . Follow-up observations (Table 1) were performed using the coherently dedispersed search mode where data are recorded with 8-bit sampling every 64 µs in each of the 1 MHz wide frequency channels (3328 channels across the whole band). Data were dedispersed at a DM of 228 pc cm −3 with full Stokes information recorded. To measure the differential gains between the signal paths of the two voltage probes, we observed a pulsed noise signal injected into the signal path prior to the first-stage low-noise amplifiers before each observation. A periodic search was carried out for each observation to determine the pulse period at the observing epoch. Data were then folded using the DSPSR (van Straten & Bailes 2011) software package. Polarisation calibration was performed as described in Dai et al. (2019) . We show the pulse intensity as a function of frequency over the whole UWL bandpass (lower left), along with the cumulative signal-tonoise ratio as a function of frequency (lower right). The integrated pulse profile (top) is summed over frequencies < 2 GHz, where the signal-to-noise ratio is maximized, along with the best-fit Gaussian. We show both total intensity (blue) and circular polarization (orange).
We plot the full UWL bandpass folded on the best-fit pulse period in Figure 3 . It is evident that the pulsar is only visible in the lower half of the band, so we restricted the further analysis to < 2 GHz. We used this bandpass to refine the DM and period measurements. We find a best-fit DM of 228.27 ± 0.02 pc cm −3 and the period measurements in Table 1 .
DISCUSSION AND CONCLUSIONS
The Parkes observations confirm discovery of a pulsar associated with ASKAP 143121.2−632809. The pulsar is not particularly remarkable: the pulse is broad, with a rectangular equivalent width (Lorimer & Kramer 2012) of 30%. A Gaussian model fits well, with full width at half maximum also of 30% and little apparent change with frequency. Note that the broad pulse profile may be largely intrinsic: from the scattering relation of Bhat et al. (2004) , for DM = 228.27 pc cm −3 we expect a scattering timescale of 0.2 ms at 1.4 GHz, or less than 10% of the pulse width. The pulse is highly polarized, with a peak V /I of about 45% at the pulse maximum, but the integrated V /I is 21%, consistent with what we measure from ASKAP. The polarized fraction is consistent with a constant value across the 700-2000 MHz band, although there is a hint that it decreases above 2 GHz. For a dispersion measure DM = 228.27 pc cm −3 , we find a distance of 5.0 kpc with both the NE2001 electron density model (Cordes & Lazio 2002) and the YMW16 electron density model (Yao et al. 2017) .
After rough flux calibration using the system parameters from Hobbs et al. (2019) , we find an 800 MHz flux density of ≈ 0.6 mJy, or 0.2 mJy at 1400 MHz. This is considerably lower than what we measure with ASKAP, but seems roughly consistent across the three Parkes observations. This may indicate variability or unresolved structure in the ASKAP images, but we also caution that commissioning and calibration of both instruments is in progress and that the flux density measurements should be considered provisional. Diffractive scintillation is an unlikely explanation, as the scintillation bandwidth should be 1 MHz (Cordes & Lazio 2002) . In contrast, the spectral index measured from just the Parkes observations, −1.66 ± 0.07, is consistent with the ASKAP-only measurement. We will revisit the spectral energy distribution of this source in a later paper.
Note that while this pulsar was detectable in the HTRU observation, the low period and high DM mean that it does rank rather low in "detectability" (Lorimer et al. 2015) , with D = 0.03. It is not abnormally scattered, nor are there obvious eclipses that would have prevented discovery by a traditional survey. It does not appear as γ-ray source in the Fermi Large Area Telescope Fourth Source Catalog (The Fermi-LAT collaboration 2019), which suggests that it is not extremely energetic, but again this is not unusual. It does mean that it would not have been discovered in the targeted steep-spectrum approach of Frail et al. (2018) , but there is a wide variety in the γ-ray luminosity of pulsars, likely owing to a combination of intrinsic energetics and viewing geometry (e.g., Ravi et al. 2010) .
With multiple Parkes detections, we can measure the period independently in each observation (Table 1) . While within each epoch we see no evidence for a period derivativeṖ , non-monotonic changes in the pulsar period of the order of 10 −6 ms are seen between the Parkes observations. This compares with a single-epoch uncertainty of at most 10 −7 ms. Note that the period will appear to change secularly if the position used for barycentering is incorrect (Manchester & Peters 1972; Hartman et al. 2008) . We can quantify this, and find that if our position is incorrect by 1 the period would be incorrect by 10 −9 ms compared to the true period, and by only 10 −12 ms from the first observation to the last. Therefore this is not the cause of the period changes.
If we instead assume that the period changes because of binary motion, we can fit for a range of possible binary orbits. We do not have nearly enough observations for a fully-coherent timing solution, and we cannot even use the incoherent methods like Bhattacharyya & Nityananda (2008) . Instead we iterate over possible binary periods P b and determine the amplitude of the best-fit circular orbit (since most MSPs are in circular orbits; Phinney 1992, although see Antoniadis et al. 2016 for recent counter-examples) at each P b , fitting for P in each observation, and marginalizing over the mean spin frequency and orbital phase. We then convert this to companion masses in Figure 4 . There are a range of orbits with plausible companion masses, ranging from black widow-like orbits with P b < 1 d and M c ∼ 10 −2 M (Roberts 2013) to low-mass helium-core white dwarfs with P b = 10 − 100 d (Tauris & Savonije 1999) , although the longer periods have considerably better fits. Larger masses such as for intermediatemass binary pulsars (Camilo et al. 2001) are excluded, at least for edge-on orbits. As a specific example solution, our constraint intersects the predictions of (Tauris & Savonije 1999) at P b = 64.3 d and M c = 0.31 M as shown in Figure 5 . Further observations should be able to conclusively determine a timing solution, but for now, the observed period changes are fully consistent with a range of scenarios. Modest eccentricities like those in Antoniadis et al. (2016) would not likely change our solution dramatically. Note that given the large distance to this source and the modest amount of expected extinction (A V ≈ 3 mag; Schlafly & Finkbeiner 2011) finding the companion in the optical/infrared seems unlikely, especially as any bright companion (such as a hot, lowmass white dwarf) would have already been identified in the VVV images discussed above. Nonetheless, once we have a timing position we encourage deeper searches.
There have been a significant increase in new radio surveys recently, with unprecented depth, bandwidth, and frequency coverage. From low-frequency surveys like the Low-Frequency Array (LOFAR) Two-metre Sky Survey (Shimwell et al. 2017, LoTSS) , the GaLactic and Extragalactic All-Sky MWA Survey (GLEAM Wayth et al. 2015) , and the Giant Metrewave Radio Telescope (GMRT) 150 MHz all-sky radio survey (Intema et al. 2017, TGSS) , to higher-frequency surveys like the Very Large Array (VLA) Sky Survey (Lacy et al. 2019, VLASS) , the ASKAP Rapid Commissioning Survey (RACS 2 ; McConnell et al. in prep.) , and the ASKAP Evolutionary Map of the Universe (EMU; 2 https://www.atnf.csiro.au/content/racs. • are about a factor of 2 higher. The constraints for PSR J1431−6328 are the solid line. We also show the orbital period-companion mass relation from Tauris & Savonije (1999) as the dashed line; this intersects our constraints at P b = 64.3 d and Mc = 0.31 M . While there are many potential solutions, the long-period solutions have consistently better fits. Table 1 ) are indicated by the points, with ν0 the best-fit reference frequency. The bottom panel shows the residuals. This particular solution is for P b = 64.3 d, which is where the companion mass solutions intersect the predictions of Tauris & Savonije (1999) . Norris et al. 2011) project, large amounts of data are now available and the prospects for pulsar discovery are good (Dai et al. 2018; Frail et al. 2018; Lacy et al. 2019) . We wish to ensure that circular polarization is included as part of that search strategy: to our knowledge PSR J1431−6328 is the first case of a pulsar discovered primarily through circularly-polarized emission. In contrast to steep-spectrum discoveries only a single survey is needed even for fainter sources, and in contrast to linear polarization foreground depolarization is not an issue and the full band can be used for discoveries. To assess the potential for finding additional sources like this one in future ASKAP surveys, we consider generic deep (detection threshold ≈ 50 µJy) and shallow (detection threshold ≈ 1.5 mJy) surveys at 900 MHz. A deep survey would be about 10 times as sensitive as the HTRU high-latitude survey (Keith et al. 2010) in raw flux density, where the comparison is made with the high-latitude survey despite the low Galactic latitude of PSR J1431−6328 since we are concerned with future all-sky ASKAP searches. To quantify this further we created realizations of the millisecond pulsar (MSP) population and the normal (nonrecycled) population using PsrPopPy2 (Bates et al. 2014; Lorimer et al. 2015) . Of the 96% of the simulated MSPs and 97% of simulated normal pulsars with δ < +30
• (and hence visible by ASKAP), 66 MSPs and 400 normal pulsars would be detectable by a shallow survey, and 2100 MSPs and 10,000 normal pulsars by a deep survey. Assuming a median circular polarization fraction of ≈ 10% (Han et al. 1998; Johnston & Kerr 2018) for both populations, the numbers of projected ASKAP detections via circular polarization alone goes down by a factor of 10: 7 (200) MSPs in a shallow (deep) survey, plus 40 (1000) normal pulsars. Considering that there are currently 262 known MSPs and 1702 normal pulsars (Manchester et al. 2016 ) with δ < +30
• , it is unlikely that even deep ASKAP searches for circularlypolarized point sources will find large numbers of new pulsars. However, there is a large variation in polarized fraction (Johnston & Kerr 2018) , and for a 15% polarized fraction a deep ASKAP survey is as competitive as the HTRU high-latitude survey. Moreover, MSPs have a larger scale Galactic height compared to normal pulsars (Levin et al. 2013; Stovall et al. 2014) , suggesting that all-sky ASKAP surveys may discover a number of high|b| MSPs. Finally, ASKAP could discover MSPs that are hard to find via traditional surveys (highly accelerated such as in Cameron et al. 2018 , highly scattered, etc), as discussed above.
We thank an anonymous referee for comments that improved this manuscript. We thank Gregg Hallinan for useful discussions. This work was done as part of the ASKAP Variables and Slow Transients (VAST) collaboration (Murphy et al. 2013) . DK was supported by NSF grant AST-1816492. DK and JS were additionally supported by the NANOGrav Physics Frontiers Center, which is supported by the National Science (Hotan et al. 2004 ), PsrPopPy2 (Bates et al. 2014 , https://github.com/devanshkv/PsrPopPy2) PyPulse (Lam 2017) , skyfield (http://rhodesmill.org/ skyfield/) .
